ABSTRACT. The effects of the aqueous phase of human breast milk on the disaccharidase activity of newborn rabbit small intestinal mucosal explants were studied in vitro culture. These explants continuously synthesized protein and normal morphology was maintained for the duration of the cultures. Addition of the aqueous phase resulted in significant increase of lactase ( p < 0.001) and maltase ( p < 0.01) concentrations in these organ cultures. This effect was dose dependent and was observed whether the organ biopsies were derived from fed or starved newborn rabbits. Further purification of the aqueous phase showed that the active ingredient exerting these effects was lactose. These studies suggest that lactose may have an important function in stabilization of newborn intestinal disaccharidase enzymes. (Pediatr Res 21: 126-130,1987) Abbreviations AP, aqueous phase of breast milk TCA, trichloracetic acid BBM, brush border membranes It is generally assumed that breast milk is specifically tailored to the nutritional and developmental needs of the newborn (1, 2). In vivo studies have shown that colostrum induces enteric mucosal growth, while these effects could not be reproduced by feeding artificial food formulas (3, 4). These differences have been attributed to one of the trophic factors known to be present in colostrum and human milk. Epidermal growth factor (5), taurine, gastrin (6), and nongastric intestinal hormones (2), which are all present in human milk, have been considered the most likely candidates for this activity. The relative importance of each of these factors on specific intestinal functions has not been studied extensively.
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In vivo studies designed to elucidate the normal process of maturation are limited in their ability to distinguish between endogenous regulatory mechanisms and environmental influences. The stress caused by manipulation when feeding newborns under artificial conditions (4), the consistency and the composition of food (7) , and the stress effect of sugar-induced diarrhea (8) have all been shown to promote the premature rise of intestinal mucosal enzymes. Therefore we used an in vitro model of newborn rabbit intestinal organ culture to investigate the influence of breast milk components on mucosal enzyme activity.
MATERIALS AND METHODS
The small intestine of 6-day-old rabbits (Yokneam strain, Yokneam, Israel) with a mean body weight of 160 g was studied.
Each experiment used jejunum of two animals originating from the same litter. Fed (suckled) or 24-h fasted animals were anesthetized, 5 cm of the proximal jejunum starting 2 cm distal to the pylorus was isolated under sterile conditions, and mucosal explants were used for organ culture. Adjacent mucosal fragments were obtained for control uncultured mucosal preparation. Organ cultures were performed according to Browning and Trier (9). Mucosal biopsies were oriented villous surface up on stainless steel screens in plastic organ culture dishes (Falcon Plastics, Los Angeles, CA). We usually used three to four biopsies per dish. Tissue culture medium was RPMI 1640 with added 10% heat inactivated millipore filtered fetal calf serum (Gibco Inc.) with penicillin I00 U/ml and streptomycin I00 pg/ml. The mucosa was incubated in sealed McIntosh jars (Scientific Products Inc.. Los Angeles, CA) after they had been gassed with 95% 02-5% C 0 2 at 37°C for 24 h unless otherwise stated. Substances to be tested were added at desired concentrations to duplicate dishes. At least two control dishes were included in every experiment.
The viability of mucosal explants was evaluated by histology and amino acid incorporation. Random biopsies were fixed in Bouin's solution, dehydrated, embedded in paraffin, serially sectioned, and stained for light microscopy. Protein synthesis was evaluated according to Kagnoff el al. (10) using I4[C] L-leucine (specific activity 348 mCi/mmol, New England Nuclear Corp., Boston, MA) at 0.5 pCi/ml as a tracer in the medium. Biopsies cultured for 3, 6, 12 , and 24 h were homogenized in 1.5 ml chilled 0.04% CaC12. Aliquots of homogenates were saved for protein determination and 1 ml of 30% TCA and 0.5 ml of 6% phosphotungstic acid were added.
After 12 h incubation at 4" C the homogenate was centrifuged for 10 min at 15000 x g. The pellet was washed twice with chloroform-methanol (1: I v/v), dried at room air and dissolved in 0.5 N NaOH. Protein and the amount of radioactivity was determined by the Lowry procedure and incorporated in the acid precipitable fractions.
Enzyme assays. Mucosal explants from each dish were pooled, rinsed in ice cold 0.9% NaCI, blotted dry, weighed, and homogenized in water. Maltase and lactase were determined according to Dahlquist (1 I), alkaline phosphatase by the method of Kelly and Hamilton (12) , and protein according to Lowry et al. (13) .
Mucosal enzymes of organ cultures which had been incubated in medium containing AP were compared to control cultures and the percent increase of each enzyme activity was calculated. Preliminary studies showed that the AP at a final concentration of 10% resulted in optimal enhancement of mucosal enzyme activity. Therefore, this concentration was used in all subsequent studies. Results of a typical positive assay using the AP of BM is shown in Figure 1 . Preparation of BBM and incorporation of glucosamine into brush border glycoproteins. '4[C]glucosamine, 0.5 PCi/ml, (New England Nuclear Corp.) specific activity 325.5 pCi/ml was added to duplicate dishes of mucosal explants and incubated for 7, 12, and 24 h. Fifty to 80 mg of pooled mucosa was used for BBM preparation according to methods of Schmitz et al. (14) . The mucosa was homogenized in 50 mM mannitol and 10 mM CaC12 added. This homogenate was centrifuged at 500 x g and the supernatant was removed and centrifuged again at 23,000 X g for 30 min. The pellet obtained contained the brush border fragments. Homogenates and BBM were assayed for protein and enzyme activity. Incorporated radioactivity was determined in suitable aliquots using 15 ml Bray's solution in a @-scintillation counter (Packard Instruments Inc., Dowers Grove, IL). Results were expressed as counts per minute/mg tissue protein.
Preparation of human milk. Human milk was collected from nursing mothers 3 to 5 days postpartum by hand expression into sterile 50-ml plastic containers. Fresh milk was immediately centrifuged at 400 x g at 4" C for 40 min. The upper fat layer and the cellular debris were removed. The AP was stored at -20" C. Fresh and stored AP were added to the culture medium of intestinal explants at various concentrations. At the termination of the experiments, the mucosal homogenate and brush border enzyme activity was determined and compared to control cultures.
Further purification of the active components in the AP was performed. Samples of AP breast milk were centrifuged at 100,000 x g for 60 min at 10" C (Beckman ultracentrifuge L3-50). The casein pellet was discarded and aliquots of the AP were dialyzed twice against 750 ml H 2 0 for 5 and 19 h, respectively at 4" C . Dialysates were pooled, lyophilized, and redissolved in 2.5 ml of distilled H20. Both the protein fraction and dialyzable fraction at concentrations of 5-20% were tested for effects on intestinal mucosal enzymes. Enhancing activity of mucosal enzymes was retained in the dialysate and purification by chromatography of this fraction of the AP was done. The lyophilisate was applied to a Sephadex G-25 column (2.6 x 32 cm). The column was eluted with distilled H 2 0 and the eMuent was monitored by continuous UV absorbance at 280 nm. Two fractions, the void volume and the retained material of smaller molecular weight, were pooled and lyophilized. The latter was found to retain activity on small intestinal mucosal activity in vitro. This material was further chromatographed on a Sephadex G-10 column ( I .6 x 80 cm). Elution was performed with distilled H 2 0 and 3.5-ml fractions were collected. The effluent was monitored by UV absorbance at 280 nm and by the anthrone reaction for carbohydrate (1 5) .
Statistics. Results are expressed as mean f SD. Comparison of the experiment to control groups was done using Student's t test.
RESULTS
The viability of our mucosal explants was confirmed by both histology and the ability of the organ culture to continuously synthesize protein. The histological appearance of intestinal mucosa was well preserved at 24 h. Villi were shorter but the surface epithelium looked normal. The lamina propria was slightly edematous and mild dilation of lymph vessels were seen. In addition, incorporation of radioactive leucine into the acid precipitable fraction of mucosa homogenates was continuously linear for the duration of the 24-h incubation period and unaltered by the addition of 10% AP (Fig. 2) .
The results of 11 experiments comparing uncultured mucosa and cultured mucosa in the presence and absence of 10% of AP are shown in Figure 3 . Six experiments used faster rabbits and five experiments fed animals. The values represent mean -1-SD of 10 to 12 culture dishes each containing three to four mucosal explants. Specific activities of maltase lactase and alkaline phosphatase were lower in homogenates of fasted animals. Mucosal disaccharidases decreased after 24 h of culture compared to noncultured mucosa in both fed and fasted animals. This effect was significant for lactase levels in fasted animals. Alkaline phosphatase activity increased in all cultured mucosal homogenates.
The addition of 10% AP resulted in a significant increase of the specific activity of lactase and maltase in both fed and fasted animals compared to the untreated cultured controls. The rise in lactase levels was markedly increased compared to both the control cultured and uncultured mucosa. Alkaline phosphatase values were not significantly influenced by the addition of AP in organ culture although a definite trend toward increased levels was obtained. It should be noted that marked variations in enzyme concentrations both in baseline and in the measured increase to the AP stimulus was observed when the individual experiments were compared. However, the observed stimulation of disaccharidase activity by the AP was consistent within each individual experiment. Isolated BBM from newborn rabbits were of lower purity than those isolated previously in other species using slightly different separation procedures to those reported by ourselves (16) and others (17). This was not due to conditions associated with in vitro culture as shown in Table 1 . The increase in specific activity of brush border enzymes compared to tissue homogenates was the same in cultured and uncultured mucosa.
The incorporation of labeled glucosamine and the specific activity of enzyme in homogenates and the BBM of cultured mucosa with and without the addition of 10% AP is shown in Table 2 . We chose the 7-h culture point as a compromise between the still significant but not maximal glucosamine incorporation into BBM (18, 19) and the increase of enzyme activity by AP as determined by our time sequence experiment. Incorporation of labeled glucosamine did not differ significantly when mucosal explants are cultured in the presence of the AP. An increased synthetic rate is therefore an unlikely explanation. The increase in disaccharidase level in BBM isolated in the presence of the AP was twice the degree of enzyme concentration of mucosal homogenates in the control mucosa. This selective increase of enzyme activity is therefore located to the surface membrane and indicates that by whatever mechanism the AP exerts its effect, it is most active at the surface membrane. Alkaline phosphatase activity of BBM was not significantly affected by the addition of the AP.
In order to assess the sequential pattern of maltase activity during a 24-h organ culture, duplicate culture dishes were removed from the culture jar at various time intervals. Control homogenate showed stable enzyme levels at 3 and 6 h, declining enzyme activity was first observed after 12 h of culture. Mucosa cultured in the presence of AP showed a continuous rise of enzyme activity for the 24-h culture period, starting at 6 h culture.
Mucosal enzyme-stimulating activity of the various fractions of breast milk is shown in Table 3 . Two samples of breast milk from two different donors were studied. The substance responsible for the increase in the mucosal enzyme activity was present in the AP obtained after centrifugation at 10,000 x g, while the upper fat layer and the cellular fraction had no activity. This AP lost its activity after dialysis and the activity was recovered in the dialysate as a small molecular weight fraction (6-25). The dialysate was separated further by chromatography (G-10 Sephadex) and a single fraction with enhancing activity was observed (F2 fraction) (Fig. 4) . This material reacted positively by anthrone reaction for carbohydrate and was further identified as lactose by paper electrophoresis, using glucose, fructose, sucrose, and lactose as standards. 4 . Gel filtration o f breast milk whey dialysate o n Sephadex G10. T h e column (I .6 x 80 c m ) was eluted with distilled water a n d fractions o f 3.5 ml were collected. Fractions 14 t o 17. 18 t o 27. a n d 28 t o 40 were pooled.
DISCUSSION
We have shown that in vitro culture ofnewborn small intestinal mucosa may be used to determine the effect of individual factors on mucosal activity. The well-preserved morphology and continuous aminoacid incorporation indicated that optimal survival conditions had prevailed for the duration of these experiments (10). It is important to note that differences in the behavior of various enzymes have been observed under these in vitro conditions, e.g. alkaline phosphatase activity increases continuously during a period of 48-h culture, whereas disaccharidase activity declines during this period. Our results with organ culture of newborn rabbits are in accordance with previous studies, showing stable mucosal disaccharidase levels for the first 12 h of culture, but decreasing enzyme activity thereafter (10, 18) . This activity was partly recovered in the culture medium, mainly as particulate bound activity with an identical protein pattern to that of the BBM suggesting that continuous desquamation of the enterocyte membrane had occurred (1 8).
We found that the addition of 10% AP to the organ culture medium resulted in a gradual and significant increase in the specific activities of both maltase and lactase compared to control culture mucosa. AP-enhanced enzyme activity was in the range of uncultured mucosal homogenate with the exception of lactase which increased above these values in fed animals. Alkaline phosphatase increased in both control and AP-supplemented medium cultures compared to uncultured mucosa. We suggest that a protective effect of the AP on disaccharidase activity under in vitro conditions is the most reasonable explanation of these results.
The enhanced activity was located to the BBM membrane component compared to total homogenate values, indicating that increased enzymatic activity was predominantly from the surface level of the enterocyte membrane rather than the result of decreased enterocyte losses. Increased synthesis is an unlikely explanation for these findings as the increased specific activity of mucosal enzymes was not associated with an increased incorporation of leucine or glucosamine into mucosal homogenates. Turnover studies of cultured mucosal explants, using double labeled glycoproteins, have indicated a decreased turnover compared to in vivo results, possibly resulting from lack of intraluminal factors known to influence membrane turnover rates (22). Since we did not measure turnover in our experiments we can only speculate that, due to the lack of evidence of increased synthesis, enhanced enzyme activity can be explained only by decreased loss or membrane stabilization.
The changes in disaccharidase activity observed with the addition of AP are due to lactose as is evident from the isolation of a small molecular fraction comigrating with lactose on paper electrophoresis. Additional experiments using lactose and other carbohydrates on newborn and adult mucosa in organ culture are in progress.
The role of dietary carbohydrates and of lactose in particular in monitoring small intestinal disaccharidase activity is controversial.
Lactose protected lactase activity in vitro and prolonged nursing prevented the naturally occurring decline of lactase activity associated with weaning (23, 24) . Prolonged lactose feeding of newborn and young rats resulted in increased brush border enzyme activity, which declined after lactose withdrawal (25) .
Weaning of rat pups to a lactose-containing diet as the sole source of carbohydrate maintained disaccharidases at higher levels than sucrose feeding (26) . The suggested possibility that this is the result of increased gastrin secretion induced by high food intake is not supported.
In preweaning 16-day-old rats artificial formulas containing lactose maintained jejunal lactase activity whereas ileal lactase declined significantly (4). It is possible that this is due, among other reasons, to decreasing lactose concentration along the small intestine.
The postnatal developmental changes in small intestinal enzyme activity are complex and multifactorial, including genetic programing, hormones, and dietary components. Functional changes related to maturation are associated with the emergence of new cell population originating in the proliferative pool of the crypt rather than changes within differentiated cells of the villi (27) . Dietary factors modulate enzyme activity in cooperation with hormones (16) . Lactose may act in this manner by stabilizing the enterocyte BBM and thus preserving rather than inducing enzyme activity.
Lactose is not a favored candidate to be considered in the dietary management of small intestinal diseases, mostly due to the high frequency of secondary lactase deficiency which occurs frequently in various intestinal diseases. However, in the young animal (28) the adaptive responses to feeding seem to be mostly substrate specific and hormone dependent. Substrate dependency becomes marked under conditions of deprivation or stress, conditions possibly also encountered in our in vitro culture experiments. The favorable responses of the small intestinal disaccharidases observed in our experiments suggested that lactose may have a role in the function of the developing small intestine along with other multiple "growth" factors present in human milk.
